X 2017, 'A colour preference technique to evaluate acrylamide-induced toxicity in zebrafish', ABSTRACT 26 The zebrafish has become a commonly used vertebrate model for toxicity assessment, 27 of particular relevance to the study of toxic effects on the visual system because of the 28 structural similarities shared by zebrafish and human retinae. In this article we present a 29 colour preference-based technique that, by assessing the functionality of photoreceptors, can 30 be used to evaluate the effects of toxicity on behaviour. A digital camera was used to record 31 the locomotor behaviour of individual zebrafish swimming in a water tank consisting of two 32 compartments separated by an opaque perforated wall through which the fish could pass. The 33 colour of the lighting in each compartment could be altered independently (producing distinct 34 but connected environments of white, red or blue) to allow association of the zebrafish's 35 swimming behaviour with its colour preference. The functionality of the photoreceptors was 36 evaluated based on the ability of the zebrafish to sense the different colours and to swim 37 between the compartments. The zebrafish tracking was carried out using our algorithm 38 developed with MATLAB. We found that zebrafish preferred blue illumination to white, and 39 white illumination to red. Acute treatment with acrylamide (2mM for 36 hours) resulted in a 40 marked reduction in locomotion and a concomitant loss of colour-preferential swimming 41 behaviour. Histopathological examination of acrylamide-treated zebrafish eyes showed that 42 acrylamide exposure had caused retinal damage. The colour preference tracking technique 43 3 has applications in the assessment of neurodegenerative disorders, as a method for preclinical 44 appraisal of drug efficacy and for behavioural evaluation of toxicity. 45 46 KEY WORDS Zebrafish; vision; colour preference; photoreceptors; acrylamide; toxicity 47 48 49 50 65 assessment of visual performance based on motion cues, but since most human ocular 66 disorders have a late onset there is a need for visual behavioural tests that can be used to 67 study adult fish (Fleisch & Neuhauss, 2006). Studies carried out in recent years have 68 4
Introduction

51
The zebrafish has become a popular animal model in the field of neuroscience and 52 developmental biology (Kabashi et al., 2011; Newman et al., 2011) . Recent developments in 53 transgenic technology and reverse genetic approaches have resulted in the zebrafish 54 becoming one of the animal models most commonly used to study human health and 55 dysfunction, including neurodegenerative disorders such as Alzheimer's disease, Parkinson's 56 disease and, in particular, retinal disorders (Fadool & Dowling, 2008) . Various transgenic and 57 mutant zebrafish strains mimicking human disease conditions have helped to elucidate the 58 function and mechanisms of many proteins, while a variety of chemicals have been used to 59 help understand the pathology of particular diseases and to develop strategies for therapy. 60 Visual behavioural techniques such as optokinetic response (OKR) and optomotor response 61 (OMR) have been useful in studying defects in motion perception, visual processing, light 62 sensing and, to some extent, colour vision; these techniques are currently used in screening 63 genetically modified animals and assessing their visual performance after genetic and 64 pharmacological modifications. These methods are used mainly with larval fish in the 2.4. Experimental setup 136 The experiments were carried out in a water tank made of transparent acrylic plastic sheeting 137 with a thickness of 3 mm. The dimensions of the tank were 230 x 150 x 150 mm. It was 138 divided into two connected compartments of equal size (115 x 150 x 150 mm), separated 139 along the midline by an opaque wall perforated by five circular openings of diameter 3cm, 140 one situated near each corner of the dividing wall and one situated centrally (Fig. 1 ). Water 141 temperature was set at 27°C. The tank was illuminated from below by a LED panel emitting a white light and driven by 143 an adjustable DC power supply (CSI5003XE, Circuit Specialists, UK); the brightness was 144 controlled by the current of the power supply. The ambient colour of each compartment of 145 the tank was changed by placing a red or blue acrylic sheet between the LED panel light and 146 the underside of each compartment. Only light of a specific wavelength could pass through 147 the sheets. Absorption spectra of the red and blue acrylic sheets were measured using a 148 Lambda 25 UV/Vis spectrophotometer (PerkinElmer, USA). The blue filter produced a blue 149 ambient illumination (peak wavelength 450nm) that allowed assessment of the functionality 150 of the blue cones of the zebrafish; the red filter absorbed all wavelengths below 580nM and 151 so produced a red ambient illumination that allowed assessment of red cone functionality. In 152 those trials in which one of the compartments was red or blue, a neutral density sheet was 153 placed on the underside of the white compartment in order to maintain equivalence of 154 brightness in the two compartments. The brightness of each compartment was measured by a 155 light meter (DT-1308, CEM, UK); in each test the brightness of the two compartments varied 156 by less than 5%. The barrier positioned across the middle of the tank allowed the zebrafish to 157 see the colour of the other compartment through the perforations while requiring the fish to 158 make a deliberate choice to travel from one compartment to the other. A shade was used to 159 black out the LED panel exterior to the tank, thus ensuring that the light came only from the 160 bottom of each compartment of the tank (Fig. 1 ). There was no additional illumination in the 161 room; the computer was controlled remotely to avoid illumination from the monitor. A digital 162 camera (Logitech HD Pro C920) operating in a full HD 1080p resolution (1920 x 1080 163 pixels) and at a frame rate of 30 frames / sec was set above the tank to capture the locomotion 164 of the individual zebrafish.
165
The zebrafish was placed in the test environment for 15 mins prior to the video recording, 166 thus giving the fish time to become familiar with the conditions. Each zebrafish was placed 167 8 into each of the two compartments on one occasion only. A single test lasted for 1000 168 seconds. In each condition (different colour filter pair combinations) 8 zebrafish were tested. The functionality of the photoreceptors was evaluated based on the zebrafish ability to sense 172 the different colours and to demonstrate preferential behaviour by spending different amounts 173 of time in each coloured compartment. The fish tracking was carried out using our own 174 developed MATLAB code following the algorithm of idTracker (Pérez-Escudero, 2014).
175
Each captured video file of the zebrafish swimming behaviour was decoded into a sequence 176 of images. For each frame of the video, a region of interest (ROI) mask was used to isolate, 177 from the rest of the tank, the area currently occupied by the fish; this results in the acquisition 178 of a subimage (the fish against its immediate background) and helps to reduce image 179 processing time. In the subimage, there was an obvious difference in contrast between the 180 zebrafish and its background. A histogram of light distribution within the subimage was 181 generated. In the histogram, there were two distinct groups of light intensity: one for the 182 zebrafish and one for the background. A threshold was determined from the mean of the two 183 brightness distributions, this threshold value allowing differentiation of the zebrafish from the 184 background. A binary image using the threshold was calculated from the subimage. An object 185 detection algorithm was then applied to the binary image. By comparing the fish length, area, 186 and other features with any other objects detected from the binary image, the zebrafish could 187 be distinguished from other objects. Once the zebrafish was identified from the background 188 its features (such as centroid, body orientation, centreline and tail-tip position) could be 189 determined using our feature extraction algorithm and its positions in the video digitized. Fig.   190 2 shows the application of the tracking algorithm to a captured video that recorded the 191 movement of a zebrafish between red and blue compartments. Fig. 2a shows the zebrafish in the more times the fish moves between compartments. If the zebrafish is active, it is likely to 216 travel between the two compartments more frequently. Since the ambient illumination of the two compartments was the same, all indices were 247 calculated for the zebrafish behaviour across the entire tank rather than for the individual 248 compartments. In the low brightness environment (10 lux) mean velocity was 25mm/s; in 249 both of the brighter environments (150 and 350 lux) mean velocity increased to 50mm/s ( Fig.   250 3A-C). Compared to both the 10 lux and 150 lux conditions, TH was significantly higher 251 under 350 lux illumination (Fig. 3D ). However, given that VD under 150 lux had two peaks, 252 5 and 50mm/s ( Fig. 3A-C) , a distribution indicative of the burst-and-coast mode typical of 253 adult zebrafish (Videler & Weihs, 1982; Muller et al., 2000) , an illumination level of 150 lux 254 was used for subsequent parts of this study. The colour preference of untreated and acrylamide-treated zebrafish was tested using three 273 paired combinations of colour-illuminated environments: blue-red, blue-white and red-white.
274
In every case the brightness of the ambient colour was 150 lux. The COR results for 275 untreated zebrafish ( Fig. 5A-C) indicate a marked colour preference: the fish preferred blue 276 to red, blue to white, and white to red. In other words, the order of preferred colour was blue, 277 white and red. The COR results for 2.0mM acrylamide-treated zebrafish hese fish remained 278 in the compartment in which they were first placed and did not move to a compartment for 279 which control fish had demonstrated a preference ( Fig. 5A-C) . To investigate the toxic effects of acrylamide on zebrafish retina, both histological and histo-283 immunostaining assays were carried out. Haematoxylin and eosin staining showed rod outer 284 segments had almost disappeared in adult fish exposed for 36 hrs to 2mM acrylamide. The 285 number of rod nuclei was markedly reduced. The cones in the untreated retina were well 286 aligned, while cones in the treated retina were disorganized. The total thickness of the 287 photoreceptor layer was significantly decreased (Fig. 6A) . Immunostaining with anti-4D2 288 antibody (labelling rod outer segments) revealed significantly shortened outer segments of 289 rod cells (Fig. 6B ). Immunostaining for arrestin 3a using anti-ZPR1 (labelling red and green 290 double cones) showed the double cones were still present but the length of these cones was 291 markedly reduced (Fig. 6C) . These histological and histochemical analyses indicated that (2012) found that zebrafish were more likely to enter a blue rather than 321 orange box (as assessed by initial preference) while Bault et al. (2015) found that zebrafish 322 preferred colours of shorter wavelength. These and the current results differ from the findings both procedures the various test areas were distinguished not only by differences in colour 331 but differences in reflectance.
332
Our method not only allows objective recording and analysis of normal behavioural 333 phenotypes but also assessment of behavioural changes resulting from environmental factors.
334
Acrylamide is a neurotoxic agent known to cause retinal dysfunction and axonopathy in rats, 335 cows and primates (El-Sayyad et al., 2011; Godin et al., 2000; Lynch et al., 1989; Wild & 336 Kulikowski, 1984; Merigan et al., 1982) . In the current study, exposure to acrylamide 337 produced measurable changes in zebrafish behaviour: following acute treatment with 2.0mM 338 acrylamide, zebrafish no longer exhibited the colour preferences that had been shown by the 339 untreated fish. While it is tempting to interpret these behavioural changes as a consequence of 340 the structural changes in the zebrafish retina produced by acrylamide exposure (i.e. the cone 341 cell disorganisation revealed by histological analysis), it is of course possible that the 342 15 neurotoxic effects might have caused direct damage to the zebrafish motor circuitry. Li et al. 343 (2016) observed a significant reduction in aspects of locomotor behaviour in the nematode 344 Caenorhabditis elegans following exposure to acrylamide. However, the fact that in the 345 current study the zebrafish exposed to acrylamide were still capable of locomotion, albeit at 346 velocities that were reduced relative to those of the control group (Fig. 5) , does suggest that 347 the observed behavioural changes were unlikely to be due to motor deficits alone (although 348 further work is required to ascertain if any sensory deficits are colour specific or merely due 349 to changes in acuity). 
